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論 文 内 容 要 旨 
Steelmaking slag contains considerable amount of manganese (Mn) and phosphorus (P), and recycling them is an important 
issue. Carbon reduction is a simply applicable method for recovering Mn and P from steelmaking slag. In general, Fe, Mn and 
P in steelmaking slag are reduced simultaneously by simple carbon reduction and it forms Fe-P-Mn-C alloy. To utilize Mn and 
P in steelmaking slag as a secondary resource, these elements need to be recovered separately, since Mn is an alloying element
added to enhance the steel quality, and P is one of the harmful impurities in the steel product. Based on the differences in 
thermodynamic properties between Mn and P in steelmaking slag, the possibility is studied to separating Mn and P from 
steelmaking slag by selectively reducing P2O5 and FeO while suppressing the reduction of MnO.
Chapter 1. Introduction
The previous studies on the separation of Mn and P or the recovery of them from steelmaking slag was summarized.
The purposes and innovations of this study were also clarified.
Chapter 2. The optimum condition for the selective reduction of steelmaking slag
As a fundamental study for the selective reduction of P from steelmaking slag, the influence of slag basicity, graphite powder
mixing ratio, temperature, and crucible type were investigated in order to find the optimum condition. Artificial steelmaking 
slag with various compositions is synthesized and mixed with graphite powder in an Al2O3 or a MgO crucible. The reduction is 
conducted at 1673, 1773, and 1873 K for 20 to 80 min. As a result, carbon saturated metal is formed from the slag, and the 
reduced metal and slag were separated easily. It was found that a decrease in slag basicity suppressed the reduction rate of Mn 
while enhancing that of P. When the basicity of slag was lower than 0.76 at 1773 K, the selective reduction of P was achieved.




the reduction of Mn at 1773 K was relatively large. Therefore, the appropriate temperature which shows high reduction rate of 
P suppressing the reduction of Mn is necessary. From the relation between the rate constant for P2O5 reduction in slag and 
temperature, the activation energy was evaluated and the results were summarized in the form of Arrhenius equation. The 
activation energy for the reduction rate constant of P was found to be close to that of the diffusion of P in slag. 
The reduction behavior of FeO, MnO and P2O5 were influenced by the mixing ratio of graphite powder. The reduction 
reaction was considered to mainly occur at the interface between slag and graphite powder. With a change in the crucible type, 
the reduction rate and distribution ratio of Mn changed, while those of P did not change much. 
 
Chapter 3. Thermodynamic analysis 
The thermodynamic properties of the Fe-P-Mn-C(sat.) alloy, which is obtained by the reduction of steelmaking slag are 
measured. The Fe-P-Mn-C(sat.) alloy (2.5 ~15.2 mass % of P and 2.9 ~ 12.8 mass % of Mn) was equilibrated with Ag in a 
graphite crucible at 1673 K, and thus several thermodynamic data were obtained as follows:  
Interaction parameters: 
𝜀𝜀MnP = −4.72 ± 0.27 (1673 K)  
𝜀𝜀C (C sat.)P = 6.09 ± 0.15, (𝑋𝑋Mn < 0.06, 𝑋𝑋P < 0.25, 1673 K) 
C solubility:  
X𝐶𝐶 [in Fe−P−Mn−C(sat.)] = 0.19 e−(6.09XP−0.47XMn) 
Activity coefficients:  
𝑙𝑙𝑙𝑙𝑙𝑙Mn [in Fe−P−Mn−C(sat.)] = −4.72𝑋𝑋P − 0.47𝑋𝑋C − 0.87 
𝑙𝑙𝑙𝑙𝑙𝑙P [in Fe−P−Mn−C(sat.)]H − 𝑙𝑙𝑙𝑙𝑙𝑙P [in Fe−P−C]H = 𝜀𝜀PMn𝑋𝑋Mn = −4.72𝑋𝑋Mn 
and 𝑙𝑙𝑙𝑙𝑙𝑙P [in Fe−P−Mn−C (sat.)]H = −4.72𝑋𝑋Mn + 4.26𝑋𝑋P + 6.09𝑋𝑋C 
By the comparison with the results obtained by previous chapter on the selective reduction of steelmaking slag , it was 
confirmed that the activity coefficients of P and Mn obtained in the study were applicable. 
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Chapter 4. Mechanism of selecting reduction based on the melting behavior 
The reduction mechanism of selective reduction of steelmaking slag have been studied. A continuous dissolution of Al2O3 
from crucible during reduction was observed. It is necessary to understand the role of Al2O3 on the selective reduction of P 
from steelmaking slag.  
The same experiment as chapter 2 was performed while varying the contents of Al2O3 in steelmaking slag. The selective 
reduction is conducted at 1773 K for 1 to 5 min (with one minute interval). The obtained sample was cross-sectioned, and 
observed by EPMA. As a result, an increase in the initial Al2O3 content increased the melting temperature of slag and changed 
the melting behavior of slag. When the slag was melted fast, good selective reduction of P was observed, but when the melting 
of slag took time, the reduction of Mn became intense. Therefore, a slag of low melting temperature which could melt rapidly 
is beneficial for selective reduction of P from steelmaking slag. Moreover, an evaluation on the role of slag viscosity and the 
existence of solid slag on reduction of P and Mn were discussed. 
The experiments using Al2O3 crucibles were analyzed which showed better selectivity on P reduction than that of using MgO 
crucible shown in Chapter 2. Because the slag melting behavior and viscosity were similar, the above differences on the 
reduction behaviors of P and Mn were explained by the effect of MgO and Al2O3 on the activity coefficients of P2O5 and MnO. 
 
Chapter 5. Selective reduction of P from Mn-ore 
The selective reduction technique of P was applied to two types of Mn-ore (from Gabon and from South Africa). The purpose 
was to decrease the P content from the original ore, and thus to provide a measure to produce ferromanganese with low content 
of P from normal grade of Mn-ore.  
By adding SiO2 as slag modifier to achieve an acidic slag with low melting temperature, and by adding graphite powder and 
pig iron as reductant and receiver, the selective reduction of P without the reduction of Mn was achieved.  
Using the Gabon Mn-ore, the influence of the mixing ratio of graphite powder, pig iron, and SiO2 on the reduction behaviors 
were studied. The results showed that both the graphite powder and pig iron contributed to the reduction, and the reduction of P 
and Mn were enhanced with higher addition of graphite powder and pig iron. To suppress the reduction of Mn from slag while 
to obtain a high removal ratio of P from slag, the optimum mixing ratio of graphite and pig iron were 10 % and 20 %, 
respectively. In addition, some discussions were made to understand the contributions of graphite power and the dissolved C in 
pig iron on the reduction.  
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An increase in SiO2 addition suppressed the reduction of Mn and enhanced the reduction of P. Because the slag needed to be a 
liquid state, the optimum mixing ratio of SiO2 at 1673 K was 54 % for Gabon Mn-ore. The effects of SiO2 on the reduction 
behavior of P and Mn were discussed through the changes of activity coefficient and distribution ratio.  
When the reduction was conducted at 1573 K, the results of Gabon Mn-ore showed that the reduction of both Fe and P from 
slag was insufficient, and a high temperature at 1773 K increased the loss of Mn from slag to metal. Therefore, the optimum 
temperature for reduction was determined as 1673 K.  
Applying optimum condition obtained by Gabon Mn-ore experiment to South Africa Mn-ore, the selective reduction of P was 
achieved. Comparing the reduction rate of Mn between two ores, South Africa Mn-ore was faster than that of Gabon Mn-ore. 
Even though, the calculated activity coefficients of P2O5 and MnO in Gabon ore were larger than South Africa Mn-ore, fast 
melting behavior of Gabon Mn-ore suppressed the reduction of Mn.  
Assuming the slag obtained after the selective reduction of both Mn-ores was used in the smelting reduction process to 
produce ferromanganese alloy, significant decrease in the P content of ferromanganese was confirmed through a mass balance 
calculation. Therefore, the selective reduction of P from Mn-ore was considered as a valid option to produce high grade 
ferromanganese alloy with low P content. 
Chapter 6. Conclusions 
The results of this study were summarized. 
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